Abstract Analyses of historical patterns of rainfall variability are essential for understanding long-term changes in precipitation timing and distribution. Focussing on former Natal and Zululand (now KwaZulu-Natal, South Africa), this study presents the first combined annual and seasonal reconstruction of rainfall variability over southeast Africa for the 19th century. Analyses of documentary sources, including newspapers and colonial and missionary materials, indicate that the region was affected by severe or multi-year drought on eight occasions between 1836 and 1900 (the rainy seasons of 1836-38, 1861-63, 1865-66, 1868-70, 1876-79, 1883-85, 1886-90 and 1895-1900). Six severe or multi-year wet periods are also identified (1847-49, 1854-57, 1863-65, 1879-81, 1890-91 and 1892-94). The timing of these events agrees well with independent reconstructions of 19th century rainfall for other parts of the southern African summer rainfall zone (SRZ), suggesting subcontinental scale Climatic Change (2016) School of Global Studies, University of Sussex, Brighton BN1 9QJ, UK variability. Our results indicate that the relationship between El Niño and rainfall in southeast Africa was relatively stable, at least for the latter half of the 19th century. El Niño conditions appear to have had a more consistent modulating effect upon rainfall during the 19th century than La Niña. The rainfall chronology from this study is combined with other annuallyresolved palaeoclimate records from mainland southern Africa and surrounding oceans as part of a multi-proxy rainfall reconstruction for the SRZ. This reconstruction confirms (i) the longterm importance of ENSO and Indian Ocean SSTs for modulating regional rainfall; and (ii) that summer precipitation has been declining progressively over the last 200 years.
Introduction
Detailed investigations into patterns of rainfall variability during previous centuries are essential for understanding the degree to which recent rainfall levels and distributions differ from long-term averages. Many areas of the northern hemisphere mid-latitudes have long instrumental datasets with which to undertake such analyses. However, for much of the world, the instrumental record begins only in the late 19th or early-to mid-20th centuries. In Africa, rainfall data become plentiful for Algeria in the 1860s and for South Africa in the 1880s, but are absent over much of the continent until the early 1900s (Nicholson et al. 2012) . Rainfall analyses for the majority of areas and for earlier time periods are dependent instead upon proxy information derived from natural and anthropogenic archives.
Annually resolved moisture-sensitive terrestrial natural archives are rare in Africa. In their absence, historical documents have proven to be one of the most valuable sources of information about rainfall variability. Information extracted from historical sources has been used to reconstruct rainfall patterns at both continental (Nicholson 1981 (Nicholson , 2000 (Nicholson , 2001 Nicholson et al. 2012 ) and regional scales (Vogel 1989; Endfield 2002, 2008; Kelso and Vogel 2007; Nash and Grab 2010; Hannaford et al. 2015) , and, recently, has been combined with natural proxy data to explore long-term trends in rainfall levels (Neukom et al. 2014) . However, other than Nash and Endfield (2008) , work has focussed upon reconstructing time-series of annual rather than seasonal rainfall levels.
This study aims to redress this imbalance and presents the first historical reconstruction of annual-and seasonal-level rainfall variability for southeast Africa. The reconstruction spans the period 1836-1900 and centres upon the former regions of Natal and Zululand, now part of KwaZulu-Natal (KZN), South Africa (Fig. 1a) . Instrumental rainfall data for Pietermaritzburg and Durban are available from 1860 and 1871 respectively within the Global Historical Climatology Network (GHCN) dataset; however, the time series contain numerous gaps during the 19th century.
The study area falls within the southern African summer rainfall zone (SRZ) and has a strongly seasonal precipitation regime (Fig. 1b) . KZN is the wettest province of South Africa, with rainfall along the northeast coast exceeding 1300 mm pa but declining to c.800 mm pa inland (Schulze 2001) . The dominant rain-generating weather systems for the SRZ include ridging anticyclones, tropical-extratropical cloudbands, cut-off lows and mesoscale convective complexes (Tyson 1986 ). Levels of summer rainfall are closely associated with sea surface temperature (SST) anomalies in the southwest Indian Ocean (SWIO) (e.g. Mason 1995; Reason and Mulenga 1999) , with warmer SSTs generally correlated with wetter summers. Summer rainfall is also modulated as a result of El Niño-Southern Oscillation (ENSO) teleconnections (e.g. Lindesay et al. 1986; Nicholson and Entekhabi 1986; Ropelewski and Halpert 1987; Rocha and Simmonds 1997; Reason et al. 2000; Meque and Abiodun 2015) . The link between El Niño and summer drought is strongest in southeast Africa (e.g. Richard et al. 2000) , with reduced rainfall commonly occurring during the February-April following the El Niño event (Nicholson and Kim 1997) . La Niña events, in contrast, are often associated with wetter summer conditions in the SRZ (Van Heerden et al. 1988; Nicholson and Selato 2000) . Positive phases of the Southern Annular Mode (SAM) are usually associated with anomalously wet conditions over the SRZ, while mid-latitude westerlies may extend further north in negative phases (Gillett et al. 2006 ) bringing drier conditions.
Methodologies for reconstructing seasonal climate variations from documentary sources are well-established in Europe and Asia (e.g. Glaser et al. 1999; Adamson and Nash 2014) . Adapting these approaches, we explore the influence of ENSO modulation upon seasonal rainfall variability in southeast Africa during the 19th century. In addition, we use our chronology, plus recent work by Hannaford et al. (2015) and Woodborne et al. (2015) , to extend the multi-proxy reconstruction developed by Neukom et al. (2014) , and consider rainfall variability within the southern African SRZ over the last 200 years. (1871 ), Pietermaritzburg Botanic Gardens (1907 -1989 and Vryheid (1925 Vryheid ( -2015 derived from GHCN-D v2 data
Materials and methods
The historical sources used for this study are detailed in Table 1 and section S1 of the Electronic Supplemental Material (ESM). Documents describing the environment of Natal and Zululand first appear in the late 18th-early 19th centuries. Increased numbers of written accounts are available from the 1820s, after Europeans settled at Port Natal (now Durban). However, it was not until 1836, when the first mission stations of the American Board of Commissioners for Foreign Missions were established, that descriptions of the climate/environment of the region become plentiful. As a result, the rainy season of 1836-37 is the starting point for our chronology. Various British, German and Norwegian missionary societies established mission stations from the early 1840s. Pietermaritzburg, the administrative capital of the Natal Colony under British rule, also saw significant growth from the 1840s, and, along with this, the availability of colonial documents. A number of regional newspapers were also established in the mid-19th century. Of these, the Natal Witness -first printed in February 1846 -was the most important for this study.
Each of the collections in Table 1 was analysed using standard historical climatology methods (section S2; Nicholson 1979 Nicholson , 1981 Brázdil et al. 2005) . All information on climate or climate-dependent phenomena was recorded verbatim and, if necessary, translated into English. Occasional instrumental rainfall data were included within issues of the Natal Witness from 1850 onwards ) -these were used to supplement qualitative materials. A total of 7220 quotations or other observations were recorded.
Individual quotations were sorted chronologically by July-June 'rain-year' and by location, to facilitate the reconstruction of rainfall across the region as a whole. Relatively few Quotations for each rain-year or season were analysed collectively to generate a five-point classification of rainfall conditions from +2 (very wet/floods) to −2 (very dry/drought). Classifications of +2 or −2 were only awarded where observers described extreme wet or dry conditions, often with significant environmental and/or socio-economic impacts, during a major part of the rain-year or season. To generate annual rainfall classifications from seasonal data, the seasonal scores for individual rain-years were summed, averaged and rounded to the nearest whole number. Scores for OND and JFM were double-weighted to reflect the contribution of rainfall during these seasons to annual totals (see Fig. 1b) .
A criticism often levelled at documentary-based climate reconstruction is that the analytical process is prone to investigator bias (cf. Nash and Adamson 2014). To counter this, the seasonal series for 1860-61 to 1899-1900 were constructed independently by authors DJN and KP and then compared. Of the 160 seasonal classifications during this period, 59 % of scores were identical, 34 % within one class and 7 % within two classes. There was greatest agreement during extreme years and least for seasons where conditions fluctuated around 'normal'; this is to be expected given that documentary sources capture extreme events most effectively (Brázdil et al. 2005) . Only four of the seasonal scores generated opposing signs (+1 versus −1). These were all seasons with large spatial differences in rainfall intensity across the study area. The results presented in Section 3 are the agreed final classifications.
Following Kelso and Vogel (2007) , each annual classification was allocated a confidence rating. A rating of 1 (low confidence) was awarded to rain-years -mostly in the 1830s and early 1840s -where there was either a limited number of sources or the quality of information was low. A rating of 3 (high confidence) was awarded to rain-years with multiple date-and place-specific references to rainfall conditions, and where detail within the majority of quotations was high. All rain-years from 1859-60 onwards fall within this category.
The methodology used to extend the SRZ multi-proxy rainfall reconstruction was identical to that of Neukom et al. (2014) ; see section S3. The reconstruction incorporated all published annually-resolved climate records from southern Africa and surrounding oceans that spanned all or part of the 19th and 20th centuries. These included four documentary series (from Vogel 1989; Endfield 2002, 2008; Nash and Grab 2010 and this study), three coral δ 18 O and/or Sr/Ca series (Zinke et al. 2004; Zinke et al. 2009 ), one tree-ring width series (Therrell et al. 2006 ), a baobab tree-ring isotope series (Woodborne et al. 2015) and two rainfall series derived from ships' logs (Hannaford et al. 2015) .
As the rainfall chronology in this study ends in 1900, it was necessary to extend the record to the present-day to allow calibration within the multi-proxy dataset. This was achieved using a "pseudodocumentary" approach (Neukom et al. 2009 ), whereby instrumental data for Durban Botanical Garden, Pietermaritzburg Botanic Gardens and Kokstad from the GHCN-D v2 dataset were combined to form a weighted composite series and degraded to match the statistical properties of the historical chronology (section S3.1). The same approach was used to degrade 20th century data within the Hannaford et al. (2015) reconstructions (section S3.2). The instrumental target for the reconstruction was calculated using ONDJFM rainfall totals from the CRU TS 3.0 grid, and represents a spatial average of mainland southern African SRZ rainfall (section S3.3). An ensemble-based nested principal component regression was used to reconstruct SRZ ONDJFM rainfall back to 1797 (cf. Luterbacher et al. 2002; Neukom et al. 2010 ).
Rainfall variability over southeast Africa during the 19th century
The results of the documentary-derived rainfall reconstruction for 1836-1900 are presented in Fig. 2 and compared with other annually-resolved terrestrial proxy records for southern Africa in Fig. 3 . In total, 13 (22 %) of the 59 rain-years were classified as very dry/drought, 13 (22 %) as relatively dry, 14 (24 %) as 'normal', 14 (24 %) as relatively wet and 5 (8 %) as very wet/floods. Drier rain-years (44 % of the total) are over-represented in comparison to wetter (32 %) -a common outcome of documentary reconstructions in dryland areas -but this difference is not statistically significant (χ 2 = 4.983, p = 0.289). The chronology shows very good agreement with the weighted composite rainfall data for Pietermaritzburg, Durban and Kokstad during the 35 years of overlap (Pearson's r = 0.69, p <<0.01), better than all the documentary series used in the Neukom et al. (2014) reconstruction. The chronology is also significantly correlated (r = 0.257, p = 0.048) with the only other documentary rainfall reconstruction for Natal and Zululand (Zone 79 in Nicholson et al. 2012) ; the weaker r-value is likely due to methodological and source material differences.
Regional drier and wetter periods
Southeast Africa was visited by severe or multi-year drought on eight occasions during the study period (1836-38, 1861-63, 1865-66, 1868-70, 1876-79, 1883-85, 1886-90, and 1895-1900) . The most severe of these dry spells was the drought of 1861-63 and the most prolonged that of 1895-1900. Conditions during these two events are now considered.
The drought of 1861-63, which affected areas of the SRZ at least as far north as Zimbabwe and west as Namaqualand (Fig. 3) , began with below average rainfall in AMJ 1861. Despite the onset of seasonal rains in October 1861, drought continued well into the early austral summer, with the Natal Witness reporting in late November:
"The principal topic and cause of alarm has been the protracted drought, the fear of the continuance of which had driven produce and food of every description up to famine prices". Fig. 3 Comparison of results for KwaZulu-Natal (f) with selected annually-resolved terrestrial series of 19th century rainfall variability for the southern African summer rainfall zone: (a) tree ring-width series for Zimbabwe (Therrell et al. 2006 ); (b) ships' logbook-derived series for Mthatha, Eastern Cape, and Royal National Park, KwaZulu-Natal (anomaly relative to 1979-2008 mean) (Hannaford et al. 2015) ; (c)-(g) documentary-derived series for Namaqualand (Kelso and Vogel 2007) , the southern Kalahari Endfield 2002, 2008) , Lesotho (Nash and Grab 2010) and the Eastern Cape (Vogel 1989) The drought had significant impacts on food supplies, livestock, and agricultural activities, Relatively dry conditions continued into the early austral summer of 1897-98, but normal to above average precipitation fell across Natal and Zululand during JFM and AMJ 1898 (Fig. 2) In addition to drought episodes, six severe or multi-year wet periods were also identified (1847-49, 1854-57, 1863-65, 1879-81, 1890-91, and 1892-94) . The early 1890s included a run of extremely wet years and appear to have been the wettest period of the 19th century, with the 1850s the wettest decade as a whole. Heavy rains in January and February 1891, for example, led to extensive flooding across former Natal and Zululand, with a reporter for the Natal Witness at Polela noting:
"We have been having a second deluge here; continuous rain for about six weeks, with occasionally one or two days on which we managed to catch a glimpse of old 'Sol'. The rivers are higher than they have been for years, and for two days during last week the punt on the upper Umkomanzi drift could not be worked."
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These heavy rains caused considerable damage to crops, 28 and appear to have been widespread across the SRZ (Fig. 3) , from Natal and Zululand northwards into presentday Botswana and Zimbabwe (cf. Nash and Endfield 2008; Nash and Grab 2010) . Heavy rains and flooding were also reported across the study area in JFM 1892, with 50 mm falling in 40 min at Pietermaritzburg on 28 March, washing away topsoil and turning the Umgeni River "...a good dark coffee colour". 29 Rather than being a product of short-duration storms, the very wet conditions in 1893-94 were caused by above-average precipitation throughout the rainy season. This included several weeks of steady rainfall in OND 1893 30 which damaged housing, caused flooding, and resulted in major landslides on the railway line close to Pietermaritzburg.
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The seasonal data within Fig. 2 illustrate the considerable variability in, for example, what constituted a historical drought year. Of the 11 very dry/drought years from 1860 to 1900, all but two (1861-62, 1896-97) included very dry conditions in at least one season, with the most severe droughts being associated with very dry conditions in OND or JFM. However, only three drought years (1861-62, 1865-66, 1896-97) exhibited below average precipitation across all four seasons. Three very dry rain-years started with normal (1899) (1900) or above average (1888-89) precipitation during the early rainy season, with one (1887-88) exhibiting normal rains during the latter part of the summer. Very wet rain-years were equally varied, some (e.g. 1864-65) attributable to very heavy precipitation in OND and/or JFM only and others (e.g. 1892-93, 1893-94) characterised by year-round above average rainfall. 
ENSO-rainfall relationships
The richness of the archival materials available for KZN permits a detailed exploration of ENSO-rainfall relationships during the 19th century. Comparisons of 20th century precipitation and SST data indicate that, when present, ENSO-related modulation of rainfall in the SRZ is manifest in the rainy-season immediately following the onset of El Niño or La Niña conditions (e.g. Lindesay et al. 1986; Nicholson and Entekhabi 1986; Reason et al. 2000) ; this pattern occurred in southeast Africa during 18 of the 20 ENSO events from 1900 to 1990 (Nicholson and Kim 1997) . Table 2 summarises reconstructed rainfall conditions in KZN during the austral summer immediately following each El Niño, La Niña and neutral year (derived from the Gergis and Fowler 2009 ENSO chronology). Of the 28 discrete El Niño years for which rainy season conditions have been reconstructed, 15 were associated with lower than average rainfall during the following austral summer (including nine very dry/drought years); of these rainy seasons, nine exhibited significantly reduced rainfall during JFM and/or AMJ. A further six El Niño years were followed by rainy seasons classified as normal. However, three of these exhibited reduced JFM and/or AMJ rainfall. Seven El Niño years were followed by wetter than normal rainy seasons. All but one of these years were prior to 1870, and fell during a period when coral δ 18 O records from Madagascar indicate that the impact of ENSO on SWIO SSTs and atmospheric circulation was less strong (Zinke et al. 2004) . Statistical relationships are considered in Section 4.
The long-term relationship between La Niña and rainfall over southeast Africa appears to be more complex. Rather than displaying evidence for anomalously wet conditions, as identified by many previous studies (e.g. Van Heerden et al. 1988; Nicholson and Selato 2000) , Table 2 shows that 10 of the 33 discrete La Niña years for which rainy-season conditions have been reconstructed were followed by dry summers, and a further 10 by summers with normal rainfall. Table 2 Reconstructed rainfall conditions in southeast Africa during the austral summer immediately following each El Niño, La Niña and neutral year (1836 to 1900). Wet years include those classified as +1/+2 in Fig. 3 , and dry years as −1/−2. Extreme rain-years (i.e. +2/−2) are shown in bold. For El Niño (La Niña) years, rain-years after 1860-61 in which JFM and/or AMJ rainfall was below (above) normal are italicised. Annual ENSO status is based on Table 9 in Gergis and Fowler (2009) El Niño Neutral La Niña
Dry rainy season 1837-38, 1853-54, 1857-58, 1865-66, 1868-69, 1876-77, 1877-78, 1878-79, 1881-82, 1884-85, 1888-89, 1889-90, 1896-97, 1897-98, 1899-1900 1869-70, 1883-84, 1895-96, 1898-99 1849-50, 1857-58, 1861-62, 1862-63, 1868-69, 1871-72, 1878-79, 1886-87, 1887-88, 1896-97 'Normal' rainy season 1838-39, 1846-47, 1860-61, 1866-67, 1874-75, 1891-92 1842-43, 1859-60, 1882-83 1841-42, 1851-52, 1860-61, 1866-67, 1867-68, 1873-74, 1874-75, 1875-76, 1891-92, 1894-95 Wet rainy season 1847-48, 1848-49, 1852-53, 1856-57, 1858-59, 1864-65, 1885-86 1854-55, 1855-56 1843-44, 1847-48, 1848-49, 1850-51, 1863-64, 1864-65, 1870-71, 1872-73, 1879-80, 1880-81, 1890-91, 1892-93, 1893-94 Unclassified rainy season 1844-45, 1845-46 1839-40 1840-41 The dry years encompassed five very dry/drought episodes, including those of the early 1860s and late 1890s. However, the majority of wet or normal La Niña summers after 1860 exhibited above average rainfall during JFM and/or AMJ, echoing the pattern observed in 20th century data (Nicholson and Selato 2000) . Such complexity can arise during La Niña if the frequency of high rainfall systems such as cut-off lows is altered (Singleton and Reason 2007) . Taken as a whole, our results suggest that the relationship between El Niño and rainfall in southeast Africa remained relatively stable, at least for the latter half of the 19th century. However, as Washington and Preston (2006) suggest, Pacific SST conditions do not appear to have been a simple determinant of anomalously wet conditions over the study area. As with El Niño, the impacts of La Niña upon rainfall in southeast Africa are likely to have been confined to those events that produced SST anomalies in both the Atlantic and Indian Oceans (Nicholson and Selato 2000) .
Rainfall variability within the summer rainfall zone over the last 200 years
Reconstructed ONDJFM rainfall variability across the southern African SRZ is shown in Fig. 4 , together with associated uncertainties. The reconstruction (Fig. 4a ) includes all the Neukom et al. (2014) , the new KZN rainfall chronology presented here, and the ships' log-based reconstructions from Hannaford et al. (2015) . The baobab tree-ring data of Woodborne et al. (2015) are excluded from the final reconstruction, as they do not introduce additional signal and lead to lower verification skill (see section S3.3).
The new reconstruction advances that which is presented in Neukom et al. (2014) , in that the time range covered is extended further into the past (back to 1797) and towards the present (up to 2007). Figure 4a indicates that rainfall in the SRZ has varied on a roughly bi-decadal timescale over the last 200 years, supporting the work of Tyson (1986) , Reason and Rouault (2002) and others. It also shows that the long-term rainfall decrease in the SRZ identified by Neukom et al. (2014) has continued into the 21st century. The trend is, however, slightly weaker than in that study, since the newly added proxy data suggest a marginally drier 19th century (Fig. 4b) . Modest downward trends in rainfall during the latter 20th century have been identified in Botswana, Zimbabwe and western South Africa from instrumental data (see Niang et al. 2014) ; our reconstruction confirms that this drying began much earlier.
Relatively dry intervals are reconstructed during the pre-instrumental period at around 1827 and 1862, the latter of which was the driest year of the 19th century. This confirms the results presented in Section 3. The wettest periods of the 19th century are reconstructed around 1815, 1872 and 1890, with 1813 being the wettest year in the multi-proxy reconstruction. Figure 4c illustrates that the inclusion of new proxy data increases the reconstruction skill, both for the ensemble mean and early verification Reduction of Error (RE) measures (section S3). Studies targeting earlier periods of the 19th century, and underrepresented areas such as present-day Malawi, Namibia, Mozambique and Zambia, will further increase the robustness of the reconstruction. Figure 4d shows the 30-year running correlations of SRZ rainfall with important large-scale climate indices. These include the Southern Oscillation Index (SOI), SAM and the second principal component of Indian Ocean SSTs, an important driver of SRZ rainfall (Neukom et al. 2014) . The comparison of these indices remains very similar to the relationships reported by Neukom et al. (2014) . The SOI and the Indian Ocean SSTs have a stronger influence on SRZ rainfall than the SAM in both instrumental and reconstructed data. While the correlation coefficients for most indices are relatively consistent over time, there are breakdowns in the SOI-SRZ rainfall relationship from c. 1830-1875 and c.1930-1960 . The timing of these breakdowns is in accordance with analyses of instrumental and palaeodata from elsewhere around the Indian Ocean (e.g. Zinke et al. 2004; Adamson and Nash 2014; Ashcroft et al. 2015) , suggesting a basin-wide weakening of ENSO teleconnections during the mid-19th and mid-20th centuries.
Conclusions
This paper has presented the first combined annual and seasonal reconstruction of rainfall variability over southeast Africa for the 19th century. The results indicate that the region was affected by severe or multi-year drought on eight occasions between 1836 and 1900 (the austral summer rainy seasons of 1836-38, 1861-63, 1865-66, 1868-70, 1876-79, 1883-85, 1886-90 and 1895-1900) . In addition, six severe or multi-year wet periods were identified (1847-49, 1854-57, 1863-65, 1879-81, 1890-91 and 1892-94) . The timing of these events shows close agreement with independent reconstructions of 19th century rainfall variability for other parts of the southern African SRZ. A comparison of our results with the ENSO chronology of Gergis and Fowler (2009) suggests that the relationship between El Niño and rainfall in southeast Africa was relatively stable, at least for the latter half of the 19th century. El Niño conditions appear to have had a more consistent modulating effect upon rainfall compared to La Niña. The inclusion of the results of this study, plus two recent annuallyresolved ships' logbook-derived reconstructions of southern African rainfall, within a new multi-proxy rainfall reconstruction, confirms the importance of ENSO and Indian Ocean SSTs for modulating rainfall in the SRZ. The multi-proxy reconstruction further highlights that summer rainfall in the SRZ has been progressively declining over the last c.200 years.
